Leaf expansion is the central process by which plants colonize space, allowing energy capture and carbon acquisition. Water and carbon emerge as main limiting factors of leaf expansion but the literature remains controversial about their respective contributions. Here, we tested the hypothesis that the importance of hydraulics and metabolics is organized according to both dark/light fluctuations and leaf ontogeny. For this purpose, we established the developmental pattern of individual leaf expansion during days and nights in the model plant Arabidopsis thaliana. Under control conditions, decreases in leaf expansion were observed at night immediately after emergence, when starch reserves were lowest. These nocturnal decreases were strongly exaggerated in a set of starch mutants, consistent with an early carbon limitation. Low light treatment on wild-type plants had no influence on these early decreases, implying that expansion can be uncoupled from changes in carbon availability. From four days after leaf emergence onwards, decreases of leaf expansion were observed in the daytime.
INTRODUCTION
Leaf expansion is a major component of plant performance. It enables light capture, which powers photosynthesis and thus biomass production. It is also one of the first plant functions affected by environmental stresses such as water deficit (Hsiao, 1973) , making it a key target for identifying tolerant genotypes and species (Tardieu and Tuberosa, 2010) . To this aim, understanding the processes dominating the control of leaf expansion is a crucial step. Among the multiplicity of factors involved in leaf expansion, two major limitations emerge: a biophysical control mainly linked to water fluxes to growing cells and a metabolic control linked to the supply of carbohydrates (Dale, 1988; Walter et al., 2009 ).
To some extent, plants can be represented as systems ruled by biophysical laws, with water fluxes modeled as Ohm-like functions of hydraulic conductances and water potentials (van den Honert, 1948) . In line with the Lockhart's formalism (1965) , several arguments support the view that leaf expansion is predominantly driven by cell turgor -itself largely induced by soil water potential and transpiration. Notably, increasing soil water deficit (Boyer, 1968; Acevedo et al., 1971) or evaporative demand (Ben-Haj-Salah and Tardieu, 1997; Tardieu et al., 2000) leads to growth inhibitions that correlate in space and time with turgor depressions in the elongating zone of maize leaves (Bouchabké et al., 2006; Ehlert et al., 2009 ). Such inhibitions under limited water availability have been attributed to a collapse of water potential gradients that govern water fluxes to growing cells (Boyer, 1988; Tang and Boyer, 2002; . Hydraulic control of growth is thus thought to be more restrictive during the day than during the night, a period during which stomatal closure allows recovery of leaf water potential (Ben-Haj-Salah and Tardieu, 1997) .
While cell expansion needs water to proceed, it also requires energy and carbon skeletons and therefore relies on assimilates supplied to the growing tissues (Dale, 1985; Smith and Stitt, 2007) . Consistent with this, growth appears to be closely controlled by carbon metabolism at different scales. Most current agronomical models are based on Monteith's formalism (1977) linking biomass accumulation to radiation intercepted by plants and carbon assimilation rate.
Likewise, stable correlations are observed between organ growth rates and intercepted radiation or carbohydrate availability in their growing parts, e.g. in roots (Aguirrezabal et al., 1994; Freixes et al., 2002) or reproductive organs (Dosio et al., 2011) . Finally, the leaf growth rhythm of several species at a fine timescale coincides with fluctuations in carbohydrate availability (Walter and Schurr, 2005; Wiese et al., 2007) . To accommodate fluctuations in photosynthetically active radiation, carbon availability is buffered by transient storage compounds, especially starch, which is accumulated during the day and used as a carbon supply at night. The rate of nocturnal starch breakdown is under fine control to allow optimum exhaustion of carbon stores by the end of the night without entering carbon starvation, which has deleterious effects on various metabolic and developmental processes (Brouquisse et al., 1991; Smith and Stitt, 2007) . This turnover of starch reserves is thought to be a major integrator in the regulation of growth (Sulpice et al., 2009 ).
To what extent leaf ontogeny may interfere with metabolic and hydraulic factors constraining leaf growth is not known. Still, expectations can yet be drawn from basic knowledge on sinkto-source transition in developing leaves. Since young leaves critically depend on carbon import from older leaves (Turgeon, 1989) , their expansion could be expected to be more dependent upon carbon fluctuations as compared to older leaves, which have a positive carbon balance. On the other hand, young leaves could be prioritized in such a way that the carbon supply to them is maintained when the whole plant carbon availability is decreased (Minchin et al., 1993; Lacointe and Minchin, 2008) . In the same way, possible interactions between ontogeny and hydraulics can only be speculated. For instance, water supply through xylem vessels could decrease with leaf maturation as a result of decreased hydraulic conductivity (Martre et al., 2000; 2001; Martre and Durand, 2001; Nardini et al., 2010) . On the other hand, it is generally admitted that cuticle thickens with leaf development (e.g. Richardson et al., 2007) , suggesting this could limit passive water loss (Kerstiens, 2006) and favor hydraulic status as leaf expands. Finally, although the molecular events leading to stomatal formation are now well described (e.g. Bergmann and Sack, 2007) , the acquisition of stomatal functionality during leaf development remains unclear. Thus, quantitative arguments that distinguish the possible roles of water relations or carbon availability on expansion during leaf ontogeny are lacking.
In this study, we aimed to discover the relative contributions of water and carbon to the control of growth with respect to leaf ontogeny in the model plant Arabidopsis thaliana. For this purpose, we evaluated at a day/night time step the developmental pattern of leaf expansion in mutants impaired in starch synthesis or breakdown, as well as in mutants deregulated in stomatal control of transpiration. Furthermore, plants were grown under various levels of soil water content, air humidity, and irradiance. Results converge to associate hydraulic and metabolic controls to day and night periods, respectively. Evidence is then presented that during its development, the leaf experiences first metabolic then hydraulic limitation. Both genetic and environmental cues act to modulate metabolic or hydraulic constraints -and to shift in a consistent way the timing when the main limitation switches from carbon to water.
RESULTS AND DISCUSSION

A dual pattern in the wild-type plants
In Arabidopsis, the expansion of one individual leaf from initiation at the shoot apical meristem to growth cessation can last more than one month (Aguirrezabal et al., 2006) .
Because whole plant characteristics (e.g. sink-source balance, see Christophe et al., 2008) can change substantially over such a long period, we designed a protocol to study day/night changes of relative expansion rate (RER) at different leaf growth stages over a much shorter timescale. Briefly, we used the expansion of 10-13 serial leaves over 24 h to reconstruct the expansion pattern of an individual leaf over 8-10 days. This process, driven by the concept of phyllochron age, is described in the Methods section and fully detailed in supplementary methods and figures (Fig. S1 to S3 ). We focused on a developmental window encompassing the first half of leaf expansion after emergence, a period during which relative then absolute leaf expansion are successively maximum (Fig. S1 ) and therefore strongly contribute to final leaf area. Under well-watered conditions (0.35 g water g -1 dry soil ), a common RER pattern emerged in both Col-0 and Ws-3 (Fig. 1) . Two successive periods could be distinguished along the over-all decreasing pattern of RER. The first one took place early after emergence for about 3 days, and showed leaf expansion rate being on average 0.15 and 0.23 d -1 higher during light than during dark phases, for Col-0 and Ws-3, respectively. The second period occurred at later stages after 5 days following emergence and showed RER being by contrast on average 0.16 and 0.08 d -1 higher during the dark phases. For sake of clarity and to allow statistical analysis, RER patterns were then parameterized by fitting a second-degree polynomial independently to the day and night RER, as exemplified in the inset of Fig. 1 Tardieu, 1997; Tang and Boyer, 2002; Bouchabké et al., 2006 ), wheat (Christ, 1978 , rice (Cutler et al., 1980) , fescue (Schnyder and Nelson, 1988; Durand et al., 1995), or Miscanthus (Clifton-Brown and Jones, 1999) , and also in dicots such as sunflower (Boyer, 1968) or several halophytic species (Rozema et al., 1987 Stomatal conductance of the aba4 mutant was significantly higher in our conditions as compared to the wild-type while photosynthesis rate was not affected by the mutation (inset Fig. 2A ). Hence, we expected the effect of the hydraulic constraint on leaf expansion to be amplified in this mutant. In a consistent way, aba4 showed earlier and more pronounced RER reductions during light phases ( Fig. 2A) . From day 5 after emergence onwards, the diurnal RER was on average 0. (Fig. 2B) .
Overall, the consistency of the results obtained using stomatal mutants, low evaporative demand or soil water deficit treatments, strongly supports the hypothesis that diurnal reductions in leaf expansion observed during the later phases of leaf development in the wellwatered wild-types are under hydraulic control. Besides acting on stomatal closure, altered ABA content in stomatal mutants could have imposed long term additional effects, for instance on hydraulic conductivity possibly through changes in aquaporin expression, as well as on non-hydraulic processes such as cell wall properties or cell division (for a review see . These side effects, together with the slightly but significantly lower net photosynthesis (inset Fig. 2A ), could partly explain the globally lower RER in NCED6-OE plants compared to other genotypes.
Night depressions are linked to a metabolic control of leaf expansion: evidence from starch mutants
Using a similar combination of environmental and genetic approaches, we tested if early nocturnal depressions of growth were due to a carbon limitation. In line with this hypothesis, experiments at elevated CO 2 have suggested that leaf growth is source-limited at night (Grimmer and Komor, 1999; Rasse and Tocquin, 2006) . As the starch pool is the main carbon source at night in Arabidopsis, we used four mutants with impaired ability to store starch or to use it at night. The starchless pgm mutant cannot synthesize starch (Caspar et al., 1985) , whereas the starch accumulator sex1 is not able to degrade it (Caspar et al., 1991) . Maltose, the major product of starch breakdown at night, cannot exit the chloroplast in mex1 (Niittylä et al., 2004) . Finally, maltose cytosolic metabolism is impaired in dpe2 (Chia et al., 2004; Lu and Sharkey, 2004) . As a result, starch turnover was strongly affected in these mutants (inset in Fig. 3A and in Fig. 3B ). Strikingly, all mutations caused a strong reduction of leaf expansion at night ( This strongly supports the hypothesis that early night reductions in leaf expansion in the wildtypes are under metabolic control. Amplified growth inhibitions during the night in the starch mutants could have resulted either from the lack of carbon or the triggering of the signaling cascade associated with low levels of sugars (Smith and Stitt, 2007) . By contrast, wild-type plants develop buffer systems against carbon starvation, such as described in the whole rosette of Col-0 whose carbon budget is adjusted during the day to avoid exhaustion during the dark period (Gibon et al., 2004; Bläsing et al., 2005; ).
Buffering carbon starvation
Under very low light (30 µmol m -2 s -1 ), leaf expansion in Arabidopsis wild-type has been shown to be reduced at night (Wiese et al., 2007) , but this study did not consider the influence of leaf ontogeny. To further challenge the hypothesis of a carbon limitation of leaf expansion during the early stages of leaf development, Col-0, pgm and sex1 were exposed to low light conditions (70 µmol m -2 s -1 ) for four days. Surprisingly, this low light treatment had no effect on the growth pattern of Col-0 ( ). At later stages, low light tended to increase the expansion rate, but night RER was still higher than day RER by 0.16 d -1 as under standard light. By contrast and as expected, starch mutants ( Fig. 3D and Fig. 3E ) under low light displayed all along development a further decrease of night RER compared to standard light, while daytime RER was increased at later stages as in the wild-type. These results raise the question on how the wild-type managed to maintain leaf expansion despite severe light reduction. Decreasing the light by two-thirds lowered net assimilation rate by a similar proportion ( Fig. 3F ), but the specific leaf area (SLA) nearly doubled under low light (Fig. 3G ). This implies that the plant essentially maintained surface expansion despite lower carbon availability by adjusting leaf thickness or density. An increase in SLA under low light is classically observed in a variety of species and a wide range of conditions, including species in natural habitats (Boardman, 1977) , crop plants (Tardieu et al., 1999) , or Arabidopsis (Pigliucci and Kolodynska, 2002; Cookson and Granier, 2006) . Similarly in tobacco, SLA and carbon contribution to structural weight adjusted to photosynthetic capacity (Fichtner et al., 1993) . Starch dynamics could also have adjusted in response to the carbon balance, as demonstrated under various day lengths (Gibon et al., 2004; , and under low irradiance (Chatterton and Silvius, 1981 (Smith and Stitt, 2007) . These buffering systems for carbon are likely to be mediated by sugar sensing (Smith and Stitt, 2007; Stitt et al., 2007) , and to rely on short term 
Severe water stress restores wild-type phenotype in starch mutants
To evaluate the possible interactions between carbon and hydraulic limitations, we exposed the starch mutants to soil water deficits. In all mutants, a severe water deficit resulted in a strongly reduced expansion during day phases and a practically unaltered expansion during nights. As a result, all mutants displayed a pattern that resembled that of the well-watered wild-type plants (Fig. S4 ). This is consistent with the superimposition of the gradual influence of hydraulic limitations in the daytime over the growth pattern of starch mutants, characterized by night reduction of RER. Additionally, besides penalizing the hydraulic status, drought could also have improved the carbon status of the starch mutants. This interpretation is in line with a recent review (Muller et al., 2011) showing that drought improves the carbon status of plants due to a higher sensitivity to drought for leaf growth than for carbon assimilation, leading to carbon accumulation (see Hummel et al., 2010 for an exemplification in Arabidopsis). On the whole, the ability to restore qualitatively the wildtype phenotype with starch mutants under water stress indicates that expansion patterns, including those of the wild-types, result from a dynamic and plastic combination of metabolic and hydraulic constraints.
A developmental switch from metabolic limitations to hydraulic limitations of leaf expansion
In order to analyze the whole dataset within a common statistical procedure, expansion patterns were normalized according to the time axis and a clustering was performed based on the difference between night and day RERs, as computed by fitting a polynomial independently to the day and night values ( within the group of their well-watered wild-types, in both Col-0 and Ws-3 backgrounds. Leaf expansion of NCED6-OE was poorly affected by water shortage and clustered at any soil water content with the low VPD treatment, forming a group characterized by weak, nonsignificant day/night fluctuations of expansion associated with probable low fluctuations of transpiration. The last group located at the bottom of the cluster with strong, highly significant depressions of daytime RER was composed of all genetic (aba4 mutant) or environmental (soil water deficits) situations that increased hydraulic limitation. The horizontal color gradient clearly indicated that night depressions occurred preferentially in the early stages whereas day depressions were more pronounced in the later stages, with a switching point (white and red diagonal in Fig. 4A and 4B, respectively) following the balance between metabolic and hydraulic constraint. As a whole, the consistent ranking of this clustering gathered from environmental and genetic perturbations shows that during the course of ontogeny, the control of leaf expansion switches from metabolics to hydraulics.
These results imply that even under well-watered conditions, leaf expansion becomes more and more limited by water fluxes as the leaf develops. Water supply to the growing tissues appears therefore as a key point to balance the increasing competition for water between growth and transpiration as leaf expands. The impact on growth of this competition has been well-documented in monocots, but also in dicots such as sunflower (Boyer, 1968) , castor bean (Poiré et al., 2010a) , or several halophytic species (Rozema et al., 1987) . However, to our knowledge, our study is the first one reporting a progressive establishment of hydraulic constraint on leaf growth during its ontogeny. An increasing hydraulic constraint during Brodribb et al., 2007) . Lastly, stomata dynamics and sensitivity to ABA could be dependent on leaf age as suggested in cotton (Jordan et al., 1975) . However, the developmental pattern of stomatal or xylem functioning remains unknown for the growing leaves of Arabidopsis.
As a first insight into the mechanisms underlying an hydraulic developmental switch, we determined turgor in young (1 d after emergence) and older (8 d) leaves in the well-watered Col-0 at the end of both day and night. Leaf turgor increased with development ( Fig. 5A) which fits with earlier observations in maize (Tang and Boyer, 2002; Bouchabké et al., 2006) . In these studies, this was attributed either to a depression of water potential induced by the volumetric growth, or to changes in rheological parameters with leaf development. More interestingly, our results also showed a clear switch between early and late stages in the day/night turgor difference: just after emergence, turgor was significantly lower at night switch in the day/night turgor could be involved in the developmental switch in the day/night leaf expansion.
When the clustering was restricted to the first third of the kinetics (e.g. three days following emergence for the wild-types under control conditions), wild-types clustered foremost with the starch mutants (Fig. S5) . This implies that leaf growth sensitivity to metabolic control occurs in the early, presumably heterotrophic stages. Accordingly, leaf expansion sensitivity to shading in maize (Ben-Haj-Salah and Tardieu, 1996; Muller et al., 2001) , sunflower (Granier and Tardieu, 1999; Tardieu et al., 1999) or Arabidopsis (Cookson and Granier, 2006) was enhanced in the young leaf. In sink organs, the growth pattern was also altered at night, as shown for Arabidopsis roots (Yazdanbakhsh and Fisahn, 2010) or potato internodes (Kehr et al., 1998) . Furthermore, close relationships between local carbohydrate availability and growth rate observed in several sink organs support the view that growth dependence upon carbon is an emergent feature of sink organs (Muller et al., 2011) . Thus, the predominance of carbon limitation at leaf emergence and its disappearance during leaf development could be linked to a progressive sink-to-source transition. In several dicots, the sink-to-source transition -the moment when the leaf becomes a net carbon exporter -has been shown to take place when the leaf is 30-60% fully expanded, but this view has not been revisited for a long while (for a review see Turgeon, 1989) . As far as the authors know, the impact of sinkto-source balance on patterns of leaf expansion has never been demonstrated. The young leaf must rely on carbohydrate import from older leaves because its metabolic requirements are maximal when its production capacity is minimal (Turgeon, 1989) . Indeed, while photosynthetic machinery is developing (Dale, 1985) , relative expansion rate and relative cell division rate are at their highest level (Cookson and Granier, 2006) , increasing carbon needs for respiration (Dale, 1985) and carbon costs such as those associated with synthesis of new structural compounds and cell equipment including walls, nucleic acids, or proteins (e.g.
Piques et al., 2009). Recent transcriptomic data along a developmental gradient in maize leaf
support this interpretation (Li et al., 2010) . This is also exemplified in the study of Schurr et al. (2000) , where the young leaves of castor bean showed a low chlorophyll content, a negative net assimilation rate and an intense respiration rate, while leaf growth rate was reduced at night.
To evaluate if leaf carbon budgets could be affected by ontogeny, we measured carbohydrate stores of young (1 d after emergence) and older (8 d end of day and night. Soluble sugar contents (Fig. 5B) were not significantly different between the end of the day and the end of the night. Starch content (Fig. 5C ) at the end of the day was three to four times that of soluble sugars and was almost exhausted at the end of the night suggesting starch is a major contributor to the leaf diurnal carbon balance. Interestingly, the amount of starch stored at the end of the day in the just emerged leaf was 40% lower than in the older leaf. The carbohydrate stores at the end of the day were thus lower in the young leaf despite its maximal growth rate, which fits with the idea of a steeper metabolic constraint in the young leaf.
Besides hydraulics and metabolics, the circadian clock may play an intertwined role in the control of leaf growth. Recently, it was found that under extended light, leaf expansion rate at a short timescale in Arabidopsis keeps on alternating with similar period as under normal day/night conditions (Poiré et al., 2010b) , highlighting a circadian control of leaf expansion.
The developmental switch of the day/night pattern presented in this study and its modulation provide evidence that each one of ontogeny, genetics and the environment can overcome endogenous rhythms. The extent to which the clock could interfere with our results is not the scope of this study, but we hypothesize that circadian rhythm could act to amplify and anticipate leaf response, notably to metabolic or hydraulic constraints. Indeed, the clock has been shown to orchestrate the transcription of pathways related to central processes, including photosynthesis, carbon metabolism, or water influx through aquaporins, together with cell wall dynamics (Harmer et al., 2000) . Furthermore, sugars themselves can modify the expression of clock-regulated genes (Bläsing et al., 2005) , while conversely, starch breakdown is under circadian control (Graf et al., 2010) . Stomatal conductance and photosynthesis are also subjected to a partial circadian control in Arabidopsis (Dodd et al., 2005) . Recently, it was shown that water dynamics as well as aquaporin genes expression in Arabidopsis roots oscillated with the circadian rhythm (Takase et al., 2011) . Finally, root xylem pressure (Henzler et al., 1999) and leaf hydraulic conductance (Nardini et al., 2005) have been shown to be clock-dependant. Thus, we raise the hypothesis that the influence of the clock on the dual patterns reported here, although not excludable, could be at least partly integrated with the metabolic and hydraulic processes discussed above. Whether carbon or water is the main limitation of leaf growth is a matter of debate in the literature. Here, we provide genetic and environmental evidence that the control of leaf expansion switches from metabolics to hydraulics during the course of leaf ontogeny in Arabidopsis. We demonstrate that this developmental switch is associated with consistent ontogenetic changes in day/night leaf turgor and starch availability. Carbon influence on leaf expansion occurs mainly at night during the early phases of leaf development, maybe due to a limited local starch availability with respect to an intense carbon demand, and is buffered by fine-tuning structural growth. These adjustments maintain surface expansion (and thus energy tempting to speculate that this response is conserved across species. By contrast, if the ontogenetic establishment of hydraulic constraint on leaf expansion is related to the hydraulic network architecture which is highly variable across species, the level of hydraulic constraint on leaf expansion is expected to be species-dependent. A superimposition of molecular and physiological information during leaf development to the growth kinetics reported here is now required to further decipher the concerted actions of carbon and water on leaf expansion.
MATERIALS AND METHODS
Growth conditions
Seeds of Arabidopsis thaliana (L.) Heynh were sown in pots filled with a mixture (1:1, v/v) of loamy soil and organic compost. Once germinated, they were grown in growth chambers at 10 h photoperiod under a photosynthetic photon flux density (PPFD) of 220 µmol m -2 s -1 . Air temperature and VPD were respectively 21 °C and 0.8 kPa during the day, and 17 °C and 0.3 kPa at night. Each pot was weighed twice a day and watered with one-tenth-strength
Hoagland's solution so that its soil water content was maintained at a well-watered level 
Plant material
The aba4 mutant is impaired in neoxanthin synthesis and displays a mild phenotype compared to other ABA-deficient mutants, as ABA can be produced by an alternative pathway (North et al., 2007) . By contrast, NCED6-OE overexpresses a 9-cis-epoxycarotenoid dioxygenase leading to ABA overaccumulation (Lefebvre et al., 2006) . The starchless mutant pgm lacks the plastid phosphoglucomutase (Caspar et al., 1985) . On the contrary, the sex1 mutant (Caspar et al., 1991) accumulates large amount of starch, as it is impaired in an α -glucan water dikinase, involved in the early steps of starch breakdown (Ritte et al., 2002) .
The mex1 mutant is impaired in a maltose transporter at the chloroplast envelope, which represents the predominant route for carbohydrate export from chloroplasts at night (Niittylä et al., 2004) . The dpe2 mutant is affected in the cytosolic disproportionating enzyme involved in the conversion from maltose to sucrose at night (Chia et al., 2004; Lu and Sharkey, 2004) .
All mutants were in the Columbia background (Col-0, N1092), except sex1 and dpe2 which were in the Wassilewskija background (Ws-3, N1638). Accordingly, both accessions were used in our experiments.
Monitoring leaf growth at day/night timescale
In order to evaluate leaf growth limitations during its development (that can last more than one month, see Aguirrezabal et al., 2006) regardless of whole plant changes like floral transition (Christophe et al., 2008) , we developed an approach where the expansion of serial leaves over one diurnal and one nocturnal phase is used to infer the expansion of a reconstructed leaf over successive days. Our approach, justified in supplementary methods and fully described from Fig. S1 to Fig. S3 , consisted in three consecutive zenithal photographs: the first one at the beginning of a day period, the second one at the end of the same day period, and the third one at the end of the subsequent night. This was repeated three days later under maintained environmental regimes as a replicate. During each acquisition photographs were taken within less than 15 min utilizing the phenotyping automaton developed by our group (Granier et al., 2006) . We extracted the area of successive leaves from the digital photographs using a semi-automated program developed on the ImageJ software (Rasband, 2009). The last digitalized leaf was chosen to represent more than half of the area of the largest visible mature leaf (e.g. 13 leaves in the well-watered Col-0). When appropriate, a series of independent photographs was taken to consider hyponasty and the area of each leaf was corrected for its angle (see Fig. S3 ). For each leaf rank, the RER was computed as the local slope of the natural logarithm of the area (S) as a function of thermal time to correct for the linear effects of temperature (Granier et al., 2002) , and recalculated at a reference temperature of 20 °C as mostly encountered in the literature (step in Fig. S1 ).
Hence, the diurnal (resp. nocturnal) RER between ti, the beginning of the day (resp. night),
and tj the end of the day (resp. night) was computed as follows: meaning that leaf area increase was always less than exponential, in line with the sigmoid pattern of daily evolution of leaf area (step in Fig. S1 ).
The phyllochron of each genotype × environment combination was deduced from leaf number counts (see below). The age of each leaf from its emergence was then computed as:
( ) picture first since delay time 1 -top the from rank leaf n phyllochro age + × = allowing us to gather the serial leaf ranks in a single reconstructed time series. This switch from a spatial pattern to a temporal time course was possible because successive leaves displayed similar features (Groot and Meicenheimer, 2000) at this 10 h photoperiod which postponed the influence of flowering. Left panel of Fig. S2A shows the dynamics of leaf emergence for the well-watered Col-0 and the double-sense arrow shows the period of the experiment. Right panel of Fig. S2A shows the associated phyllochron (inverse of leaf emergence rate) and its stability during the period corresponding to the emergence of the oldest digitalized leaf until the day of measurement (double-sense arrow). Fig. S2B sets for the well-watered Col-0 and pgm the measured area for a reconstructed leaf against the logistical fitting using the data obtained from a single leaf followed during several days. R² were high and equivalent between the reconstructed and the single leaf (0.905 against 0.935 and 0.917 against 0.896 for Col-0 and pgm, respectively). Then, after discretization to provide a day/night representation of the data, second-degree polynomials were independently fitted to the day RER and to the night RER (inset in Fig. 1 or step in Fig. S1 ), thereby smoothing kinetics and allowing further statistical analyses. The growth patterns were drawn from emergence to half expansion of the leaf (t 50 ) before growth slowed down, involving other processes than only the ones analyzed here. t 50 was determined for each genotype × environment combination after fitting a logistical function (Aguirrezabal et al., 2006) on the night dataset as exemplified in step of Fig. S1 . We proved that under well-watered conditions, the expansion pattern of the reconstructed leaf was very similar to that obtained if one single leaf was followed over nine days (Fig. S2C ). There was a tendency for the single leaf to display a smaller RER in the early stages, maybe due to a whole-plant effect (see the difference between first and last pictures in both analyses), but the day/night differences were almost conserved and both treatments clustered closely together when the single leaf was introduced in the hierarchical analysis (see lines in bold in Fig. S2D ). Using this framework, we were able to observe highly reproducible fluctuations of expansion rates during leaf development in several replicated experiments (Fig. S1E ).
Physiological measurements
We characterized mutants or environments by providing hydraulic or metabolic markers measured on fully expanded leaves or on the whole plant. Stomatal conductance was calculated as the sum of the conductances measured on both sides of a fully expanded leaf on ten replicates using a diffusion porometer (AP4, Delta-T Devices, Cambridge, UK). The net CO 2 assimilation rate was measured with a whole plant chamber designed for Arabidopsis and connected to a gas analyzer (CIRAS-2, PP Systems, Hitchin, UK) on four to six individual plants. SLA was measured as in Hummel et al. (2010) on four whole rosettes.
Starch and soluble sugar (as the sum of glucose, fructose, and sucrose) contents were analyzed by enzymatic assay as in Hummel et al. (2010) using material harvested at the ends of day and night, either on fully expanded leaves of four individual plants (Fig. 3) or on pools of about 50 leaves aged one or eight days which were replicated thrice independently and at least twice technically (Fig. 5) . Leaf turgor was determined on leaves aged one or eight days at the ends of day and night as the difference between water and osmotic potential. For water potential measurements, leaves were harvested and immediately inserted in a sealed chamber carrying a thermocouple (C-52, Wescor, Logan, USA) connected to a wet bulb depression psychrometer (Psypro, Wescor, Logan, USA). A foliar disc was punched for the eight-daysold leaves, which were larger than the 7 mm diameter sample holder. At least 25 replicates were performed. For osmotic potential, a pool of leaves was harvested in liquid nitrogen and stored at -60 °C. Samples were then transferred into 0.8 µm filters (NucleoSpin filters, Macherey-Nagel, Düren, Germany) inserted in a collection tube, and centrifuged at 4 °C.
Samples of 10 µl of the resulting sap (n = 8 for the early stage and n = 48 for the later stage)
were analyzed using a vapor pressure osmometer (Vapro 5520, Wescor, Logan, USA).
Statistical analyses
All graphics and statistical analyses were performed with the R software (R Development Core Team, 2008) . Mean comparisons were performed with the LSD test adjusted using the Bonferroni method, or with the Kruskal-Wallis test when heteroscedasticity was detected.
For the heatmap, the time axis of all kinetics was normalized according to their t 50 . Then a second-degree polynomial was fitted independently to the day and night RERs and their difference was computed for 100 successive iterations between t 0 (emergence) and t 50 to provide a continuous visualization of the difference dynamics. These 100 variables were used for the hierarchical clustering of the kinetics, which was performed with the Euclidean distances. Confidence intervals of the polynomial regressions were calculated at the 0.5, 0.9, 0.95, 0.99, 0.999, and 0.9999 confidence levels for each iteration. The level from which day confidence interval and night confidence interval overlapped set the significance of the difference between day and night RER.
As turgor was determined using two variables measured on independent samples, a nonparametric stratified bootstrap was performed to obtain the mean and the standard error of the computed variable. The nonparametric ABC confidence intervals were then calculated at the 0.9, 0.95, 0.99, and 0.999 confidence levels to evaluate the significance of the difference between day and night at each investigated stage.
SUPPLEMENTAL MATERIAL
Supplementary methods. From leaf rank to leaf age: uses and principles. 
ACKNOWLEDGMENTS
We thank Samuel Zeeman and Annie Marion-Poll for supplying seeds of starch and ABA mutants, respectively. We are grateful to Nathalie Wuyts for developing the ImageJ program to assist leaf area extraction. Finally, we acknowledge Christophe Maurel and two anonymous reviewers for their suggestions to improve the manuscript.
AUTHOR CONTRIBUTIONS
F.P., T.S., and B.M. designed research and wrote the paper. F.P., G.R., and M.D. performed research. F.P., T.S., and B.M. analyzed data. according to the leaf mid-development (t 50 ). Then a second-degree polynomial was fitted independently to the day and night RERs and the difference between night and day was computed for 100 successive iterations between t 0 (emergence) and t 50 . These 100 variables were used to classify the kinetics using the Euclidean distances. The computed variables were then associated to a color. Closeness to green indicates a day RER superior to the night RER, while closeness to purple indicates the opposite. The left part of the rectangles beside branches of the dendrogram is a color code for the genotype while their right part is for the environment. There is no added right part when genotype was grown under control conditions (well-watered, standard light). Black is for wild-types. Tan (starch mutants) and brown (low light) are for supposed enhanced metabolic constraints. Gold (aba4), orange (moderate water stress), and red (severe water stress) are for supposed enhanced hydraulic constraints.
Steelblue (NCED6-OE) and turquoise (low VPD) are for supposed reduced hydraulic constraints. Note that mutants and environmental treatments supposed to modify metabolic or hydraulic constraints clusterised in a consistent way. Note also that metabolic constraints are predominantly associated with early, nocturnal RER depressions whereas hydraulic constraints are with later, diurnal RER depressions. (B) Significance of the difference between night and day RER. Confidence intervals of the polynomial regressions were calculated at several confidence levels for each iteration. Green color means that the difference between night and day RER is very highly significant while red indicates no significant difference. 
